Abstract-If two thin bars of different luminance are placed side by side, their joint spatial position in a Vernier alignment task is determined simply by their relative luminances. The threshold luminance contrast difference required to produce a just detectable change in spatial position corresponds to a spatial shift of 5-20 arcsec in the centroid of the retinal light distribution, depending upon contrast relative to the background. This technique may be used to measure acuity with a display that has a spatial resolution considerably worse than the Vernier offset threshold. We have also extended the centroid technique to components that differ both in wavelength and luminance. Colour was found to make no essential difference to the task. Taking into account the spread of light in the retinal image, the manifest contrast thresholds are equivalent to threshold intensity increments between adjacent foveal receptors of less than 1%, comparable to the values reported by Hecht and Mintz for dark line detection.
INTRODUCTION
Vernier and other hyperacuity thresholds are normally expressed in spatial units such as seconds of arc. However, since any spatial discrimination involves distinguishing slightly different distributions of light in the retinal image, it is also possible to express such thresholds in terms of just detectable changes in contrast in the image. That was the approach taken by Hartridge (1922) and by Hecht and Mintz (1939) in analysing the detection of thin dark bars against a bright background. Thresholds of less than 1 arcsec for line width were thereby related by Hecht and Mintz to incremental intensity thresholds in the region of 1%, taking into account, of course, the optical filtering properties of the eye.
We now report an attempt to apply the Hartridge approach to Vernier acuity.
Apparent Vernier offsets were induced, not in the usual way by moving a single bar relative to a reference, but by changing the relative luminance of two neighbouring, unresolved components. As the relative luminance difference between the two component bars increases, so the perceived spatial position relative to a standard moves in the direction of the brighter bar. Thus the threshold for detecting a spatial offset relative to the standard can be expressed as the contrast between the two components at Vernier threshold. Measurements of Vernier acuity by moving the distribution of light within an image have previously been reported by Westheimer and McKee (1977) and Watt and Morgan (1983a) . Westheimer and McKee (1977) used a stimulus consisting of a ribbon of parallel unresolved bars, one of which was of higher intensity than the others. By altering the position of the bright bar in the ribbon, the perceived position of the ribbon as a whole was made to change. Thresholds were expressed in terms of the shift in the centroid of the combined light distribution, and were found to be the same as thresholds that were obtained when the whole ribbon was moved, as in the traditional Vernier technique. Watt and Morgan (1983a) likewise found that the position of a pair of unresolved lines was determined lawfully by their relative luminances, and they determined which features of the retinal light distribution or its neurally filtered derivative would account best for the psychophysical data. The peak of the retinal light distribution was found not to predict the data, but results were consistent with the relevant feature being the centroid, which corresponded to zero-crossings in the convolution of the retinal light distribution with a difference-of-Gaussians filter. A centroid analysis was also suggested by Morgan (1977) to explain the Pulfrich stereophenomenon.
However, in all of these earlier studies it was a spatial rather than a contrast variable that was actually manipulated to find threshold. Westheimer and McKee used a constant brightness increment for their bar, and varied its spatial position. Morgan and Watt used a constant luminance ratio between the two bars of their target and changed their separation. In the experiments reported here we measured threshold luminance changes for detecting apparent spatial shifts in spatially constant stimuli. One advantage of treating Vernier acuity in this way is that we may eventually achieve a unified description of pattern acuity in the contrast domain. A more practical advantage, as we shall see, is that the technique permits measurement of Vernier acuity with sub-pixel size accuracy in coarsely quantized visual displays. The need for precise positional control over stimuli is thereby eliminated.
In the first experiment we used achromatic stimuli and measured threshold shifts in apparent spatial position of adjacent unresolved bars as their relative luminance was changed. In the second experiment, a similar technique was extended to chromatic stimuli.
EXPERIMENT 1
Consider a simple Vernier target consisting of two abutting vertical lines with a relative horizontal displacement. We now add a second pair of lines, having a different luminance from the first pair, and the opposite displacement (see Fig. 1 a) . Each of the four bars comprising the new target will be refered to in future as a 'component' of the target. Note that horizontally separated components may or may not be visually resolved, depending upon their separation. If the original Vernier displacement is large, horizontally separated components are clearly resolved and the result is not particularly interesting. But if we increase the viewing distance, or reduce the size of the displacement (Fig. 1 b) , the horizontally separated components fuse and a small Vernier offset is seen, which depends upon the relative luminance of the components. Simply by varying the relative luminance over trials by the method of constant stimuli, we can determine the threshold luminance difference needed to detect the apparent spatial offset reliably. Subjectively, targets like those in Fig. 1 b are indistinguishable from ordinary Vernier targets. They can, however, be used to measure thresholds that are much smaller than the pixel size of the display.
Methods
Apparatus and stimuli. Stimuli were generated under control of a M68000 microcomputer and 'Pluto' graphics processor (10 Research Ltd), with a resolution of 680H x 288V and 8-bit grey-level control. The visual display was a Cotron high-
